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Overview ﬂ(“.
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® [ntroduction: Setting the scene

® Time resolved studies

® Scanning and full-field X-ray microscopy in the ym and mm regime
B Spatiotemporal studies

® Summary and outlook
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Imaging a working catalyst — our view S

® Improvement of catalysts triggered by the microscale
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Imaging working catalysts e,

® Improvement of catalysts triggered by the microscale
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Imaging working catalysts ﬂ(rmll

® Improvement of catalysts triggered by the microscale
® Equally important is the ,macroscale”
B Real catalysts are in large scale fixed bed reactors
B Pressure drop needs to be minimized
B Strength of catalyst pellets
B Optimized diffusion parameters

mesoporic washcost particles

(Haldor Topsge)
A.T. Bell, Science 299, 1688 (2003)
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Imaging working catalysts ﬁ(ll

® Improvement of catalysts triggered by the microscale
® Equally important is the ,macroscale”
B Real catalysts are in large scale fixed bed reactors
B Pressure drop needs to be minimized
B Strength of catalyst pellets
B Optimized diffusion parameters

® Temperature and concentration gradients in catalytic reactors
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Imaging working catalysts — time resolution ——

B Long-term dynamic effects
B Sintering and ageing
| Restructuring

Formation of BaCeO,, Pt,Ba, ,CeO, in NSR-catalysts
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M. Casapu, J.-D. Grunwaldt, et al., Top. Catal. 42, 3
(2007), J. Catal, 251, 48 (2007)
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Imaging working catalysts — time resolution --(II

® Long-term dynamic effects
® Sintering and ageing
® Restructuring
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H. Topsoe et al., in Dynamics of Surfaces and Reaction in Heterogeneous ~ Grunwaldt, Clausen etal., J. Catal. 194, 452 (2000)

Catalysis (1997) Grunwaldt and Clausen, Topics Catal. 18, 37 (2002)
Hansen et al., Science 295, 2053 (2002)
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Imaging working catalysts — time resolution -\S(II

B Long-term dynamic effects

| Sintering and ageing, restructuring
® Rapid structural changes

B Temperature programmed reaction

® [gnition, extinction CH, +%0,> CO+2H
4 2 2

® Oscillating reactions

N . Ignition
B Activation of catalysts (e.g. reduction) ~ 9
PdO Pd:h_
; H 100 .-A‘ 5
Total oxidation of s =
methane over g % "
1O%Pd/Zr02 g 60 8
I o
8 40 2
g s
£ 2
g =1
¢l g7 = Fr7 250 300 350 . 400 450 500
Temperature / °C T/°C
Grunwaldt, et al. Chem. Commun., 4635 (2007). Grunwaldt and Baiker, Catal. Lett. 99, 5 (2005).
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Shining X-rays on catalysts — best compromise? ﬂ(l!
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Catalytic partial oxidation of methane

CH,+% 0, > CO + 2 H,

B Active Catalysts:
Supported noble metals,
Ni-catalysts [

B Alternative route to
steam/ autothermal
reforming 2

® Synthesis gas for
production of liquid fuels

® Useful in stationary
SOFCs

Flaring of natural gas

Big cities

[1] A.PE. York et al., Topics Catal. 22, 345 (2003) From: L. Plass, S. Reimelt, CIT 79, p. 561 (2007)

Hickmann and Schmidt, Science 259, 343 (1993)
[2] J.R. Rostrup-Nielsen, J. Sehested, J.K. Norskov, Adv.
Catal. 47, 65 (2002)
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Catalytic partial oxidation of methane: Ignition
of the reaction ﬂ([ﬂr

CH,+% 0, > CO + 2 H,

Ignition

|«

2.5%Rh-2.5%Pt/Al, O, prepared
by flame synthesis

6% CH,, 3% O, in He, ramp rate:
5 K/min

MS-signals / a.u.

250 300 350 400 450 500
T/°C Grunwaldt and Baiker, Catal. Lett. 99, 5 (2005).
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Catalytic partial oxidation of methane: Ignition ﬂ(“‘
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2.5%Rh-2.5%Pt/Al,O,, prepared by flame synthesis
6% CH,, 3% O, in He, ramp rate: 5 K/min; linear combination of spectra from starting

and end spectrum Grunwaldt and Baiker, Catal. Lett. 99, 5 (2005).
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Improved time-resolution ﬁ(l]'

T
Synchrotron _‘\
radiation source J

—~—
Gas supply /
F

P 10 full oscillations/s
7 _ (20 spectrals)

Monochromator
Si(111)

Mass Flow

Controller 104 points per spectrum
st Si(ii1) .__' y - BT
. 4
| lonization chamb:\ £

In situ XAFS cell as o
capillary microreactor
7 Mass

P
= Spectrometer
(On-line
gas analysis)

lonization
chamber 2
Lutzenkirchen-Hecht, Grunwaldt, Frahm et al., Physica Scripta T115, 831 (2005).
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Improved time-resolution: Setup at SLS ﬂ(rﬂr

Option:
Microfocusing
X i mirrors (KB's)
Focusing mirror

(toroid)

mirror

(Entire beamline delivered and installed by ACCEL)
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QEXAFS during the catalytic partial oxidation
of methane ﬁ(rﬁr
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Ignition of the catalytic partial oxidation of

methane
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Ignition of the catalytic partial oxidation of
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Improved time-resolution by QEXAFS -\S(II
XANES at Pt L;-edge EXAFS at Pt L;-edge
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at SLS with 1 Hz (hydrothermal synthesis), improvement of

statistics by modulation excitation
spectroscopy, etc.
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Zhou, Patzke, Grunwaldt, Frahm, Small, in press.
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Monitoring over the catalyst bed during CPO ﬂ(l!

Sample:
CH4 + 1 02 > CO+2 H2 2.5%Pt-2.5%Rh/Al,O4 in
oo 6%CH,/3%0,/He, ca. 320 °C

Two mechanisms of partial
? methane oxidation

Combustion and reforming of methane

CH,+20,> CO,+2H,0 AH=-802 kJ/mol
CH,+H,0 > CO +3H, AH=+206 kJ/mol
CH,+CO,>2CO+2H, AH=+248 kJ/mol

X-ray beam

Catalyst

X-ray beam

Direct partial oxidation of methane
? CH,+% 0, > CO +2H, AH=-35.5 kJ/mol

|—' CO, H, (CO,, H,0)
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Monitoring over the catalyst bed during CPO e,

Sample:
CH4 + 15 02 > CO+2 H2 2.5%Pt-2.5%Rh/Al,O; in
cH. o 6%CH,/3%0,/He, ca. 320 °C

X-ray absorption spectra
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Grunwaldt and Baiker, Catal. Lett. 99, 5 (2005).
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Monitoring over the catalyst bed during CPO e,

Sample:
CH4 + 1 02 > CO+2 H2 2.5%Pt-2.5%Rh/Al, O3 in
P 6%CH,/3%0,/He, ca. 320 °C

Oxidized
3
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CO, H, (CO,, H,0) Grunwaldt and Baiker, Catal. Lett. 99, 5 (2005).
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Monitoring over the catalyst bed during CPO (II

Sample:

CH,+%0,>CO+2H 2.5%Pt-2.5%Rh/Al,O; in
4 2 2
cH. o 6%CH,/3%0,/He, ca. 320 °C

Two mechanisms of partial
? methane oxidation

Combustion and reforming of methane

CH,+20,> CO,+2H,0 AH=-802 kJ/mol
CH, + H,0 > CO + 3H, AH=+206 kJ/mol
CH,+CO,> 2CO +2H, AH=+248 kJ/mol

X-ray beam

Catalyst
X-ray beam

Direct partial oxidation of methane
? CH,+% 0O, > CO+2H, AH=-35.5kJ/mol

|_' CO, H, (CO,, H,0)
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Partial oxidation of methane over Pd/Al,O4 ﬂ(l!

Sample:

CH,+%0, > CO+2 H, 5%Pd/Al,O3 in
6%CH,/3%0,/He, ca. 320 °C
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Kimmerle, Baiker, Grunwaldt, PCCP 12, 2288 (2010).
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Oscillations during CPO over Pd/Al,O4 ﬂ(l!
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A look on the total oxidation of methane ﬂ(l!
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10%Pd/ZrO,, prepared by flame-synthesis
Grunwaldt, et al. Chem. Commun., 4635 (2007).
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Oscillations during CPO over Pd/Al,O4 g(rﬂr
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LCA analysis during CPO over Pd/Al,O4
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LCA analysis during CPO over Pd/Al,O4 ﬂ(rmll
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Monitoring over the catalyst bed during CPO e,

Sample:
CH, +% O, > CO+2 H, 2.5%Pt-2.5%Rh/Al,0; in )
s 6%CH,/3%0,/He, ca. 320 °C

Oxidized
3
£ 1004
g 2 ——327°C
E < 80 ——339°C
&
X-ray beam E 6
PtL,-edge b
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CO, H, (CO,, H,0) Grunwaldt and Baiker, Catal. Lett. 99, 5 (2005).
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Scanning X-ray microscopy with microfocussed
beam “(II

KB-Mirrors (microfocus) m

KB-Mirrors at SLS
Focus down to

1pum x 1 ym
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Microfocussed beam: KB-mirrors at SLS .\ﬂ(l!
Oxidized
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Z. F .
Conditions: b
5 2.0+ 6%CH,/3%0,/H Rogie
< e Gas 200 - . d
E 154 380°C/356°C flow | P -
o 10 ml/min _— " e
g E )
6 1.0 107 » l.."‘i
0 = \ ¢ “\\'
= ” : v
051 8 -}5‘-' |
200 FUik
0.0 Spectra at every 5 un A *, ¢
1155 1156 1157 1158 1159 11.60 1161 1162 ; 04l , &
Energy / keV “ 10k ." ... uj

300 L :
100 200 300 400 \
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J.-D. Grunwaldt, et al., Catal. Today 145, 267 (2009).
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Full field X-ray microscopy: Recording X-ray
absorption spectra with an X-ray camera

CCD-camera with
scintillator and [Gas 1] [Gas 2]
microscopic optic

\ By-pass
Inlet Y
In situ cell
Monochromator

Product Analysis A/l/
by

Mass Spectrometer| Exhaust

KIT

Karlsrune Insttut of Technalogy

. nchrotron
s

Grunwaldt, Hannemann, Schroer, Baiker,
J. Phys. Chem. B 110, 8674 (2006).
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X-ray absorption as function of X-ray energy

CH,+%0,> CO+2H,

Institute for Chemical Technology and

Polymer Chemistry

AT

Karlsruhe Institute of Technology

E = 23190 eV

Absorption / a.u.
o o
N -

— Below ignition temperature

Above ignition temperature

0.0
2320 2325 23.30 23.35 2340 2345 2350
E / keV
Sample:
2.5%Rh/AL,0; in 6%CH,/3%0,/He
ca. 400 °C Grunwaldt, Hannemann, Schroer, Baiker,

J. Phys. Chem. B 110, 8674 (2006).
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X-ray absorption as function of X-ray energy A(II
CH,+%0,> CO+2H R o1
4 2 2 2.5%Rh/ALO, in 6%CH,/3%0,/He
s
§ 1.2 Below ignition temperature
§ 5 10
< ©
E 08 Above ignition temperature
2 06
g 0.4
0.2
0.0
2320 2325 23.30 23.35 2340 2345 2350
E / keV
Absorption of X-rays behind capillary reactor at selected energies Grunwaldt, Hannemann, Schroer, Baiker,
J. Phys. Chem. B 110, 8674 (2006).
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Result of full-field X-ray microscopy e,

CH,+%0,> CO+2H,

Absorption by Rh3*-component Absorption by Rh%-component

200 um

2220 2222 2224 2226 2228 2230
. P E/keV
Gradient within 200 pm €

Grunwaldt, Hannemann, Schroer, Baiker,
J. Phys. Chem. B 110, 8674 (2006).
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Gradient as function of temperature (Rh K-edge) _\ﬂ(l!

344 °C, doubled
space velocity

200 um
352 °C
362 °C
378 °C
* Sample:
Start of the Start of the 2.5%Rh/Al,O, in 6%CH,/3%0,/He
catalyst bed catalyst bed 14 mg, 12.5 ml/min
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Gradient as function of space velocity “(IT
(Rh K-edge) =\I1
- o
- o

Start of th Startofthe  ample:
C;far: o ttbee 4 e by 25%Rh/AI,0, in 6%CH,/3%0,/He
y y 14 mg, 12.5 ml/min
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Catalysis and structure in parallel

42

43

K

Karlsrune Insttut of Technalogy
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Energy / keV Energy / keV Energy / keV
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AR 6 compart-
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Mass flow _ -
controllers
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Kimmerle, Grunwaldt, et al., Appl. Catal. A 353, 36 (2010).

Institute for Chemical Technology and
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Perspectives: Parallel screening of Pd-based
catalysts

AT

Karlsruhe Institute of Technology

Absorption / a.u.

(6 /
(a) Reduction | I
atroom o~

(b) Reoxidation
at room

/ (a) X-ray sensitive

00,10,/ 0 / 18005500 19 temperature temperature
s O camera | S . /SN [ - S .- 52 A 210 i s o |
uR WM 2% 2438 2440 T% 3% % Ne0 242 %3 23 240 2444 2.3 240 2444
E/keV E/keV E/keV E/keV
J.-D. Grunwaldt, B. Kimmerle, et al., J. Mater. Chem. 17, 2603-2606 (2007).
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Going to the third dimension: X-ray
tomography on shaped catalysts ﬂ(rmll

3D-reconstruction of
0.5%Pd/Al, O, shell-
impregnated catalyst pellet
of cylindrical shape; sample
was stuck from one side on
the sample holder, field of
view: 3.54 mm x 2.36 mm;
total reconstructed volume
of 3.54 x 3.54 x 2.36 mm3,

44 28.06.2010 Shining X-rays on catalytic reactors | Grunwaldt Institute for Chemical |Technulhogy and
Polymer Chemistry

Going to the third dimension: X-ray ﬂ(“‘
tomography on shaped catalysts brihr

3D-reconstruction of
Cu/AlLOg, (a) 1 min and (b)
10 min with CuCl,-solution
impregnated catalyst pellet;
field of view: 3.54 mm x
2.36 mm.

J.-D. Grunwaldt, et al., Catal. Today 145, 267 (2009).
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Scanning X-ray absorption tomography g(rﬂr
Experimental o

(a) side view lens I 4 L
Setup monochromator

’ i
‘
/jﬂglﬂaf reference

oscillation foil

Stack of Be-lenses

C. Schroer, B. Lengler, et al., Appl. Phys. Lett. 82, 1485 (2003).
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Scanning X-ray absorption tomography ﬁ(l!
Sample:

CuO/ZnO catalyst + BN powder

in glass capillary @

virtual slice through sample:

record absorption spectrum at
each point
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Above Cu K-edge

9000

energy [eV]
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Scanning X-ray absorption tomography

a
=1

XANES tomography:
Distribution of Chemical State

Cu (met.)

Cu(I I)O other elements

catalyst in
capillary

Hlau]

200pum
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Catalytic partial oxidation of methane: Ignition
) reac ’ IT

of the reaction

CH,+%»0,>CO+2H,

2.5%Rh-2.5%Pt/Al, O, prepared
by flame synthesis

6% CH,, 3% O, in He, ramp rate:
5 K/min

Ignition
|l
m)r =15 me=2
3
[\
P mle = 44
© m/e = 32 e, .
= i
%’ ///}/m/e =18 q
S I
S m/e = 28
250 300 350 400 450
T/°C
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Temperature profile

500

Grunwaldt and Baiker, Catal. Lett. 99, 5 (2005).

Institute for Chemical Technology and
Polymer Chemistry

a
|

e Institute of Technalogy

2.5%Rh-2.5%PtAl,O; in
6%CH,/3%0,/He at 313 °C
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Temperature profile _\ﬂ(“‘

Karlsrune Insttut of Technalogy

Temperature / °C

2.5%RN-2.5%Pt/ALLO, in 0 5 10

15 20 25
6%CH,/3%0,/He at 313 °C

Distance / mm
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Change of structure in a spatiotemporal manner ﬂ(“.

2.5%Pt-2.5%Rh/Al 0, Sample:
inl - 2.5%Pt-2.5%Rh/Al,0; in
CH, 0,3 ute! con 6%CH,/3%0,/He
(CO,, H,0)
—
| 100 um
mage taken by
the FReLoN

camera

1 Catalyst below ignition temperature

During partial methane oxidation

Absorption / a.u.

11.56 11.60 11.65 11.70

E/keV B. Kimmerle, J.-D. Grunwaldt, J. Phys. Chem. C (2009) Highlight at ESRF, 2009.
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Change in structure during ignition bl

54 28.06.2010 Shining X-rays on catalytic reactors | Grunwaldt Institute for Chemical Technology and
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Change of structure in a spatiotemporal manner ==UAE

2.5%Pt-2.5%Rh/Al,0, Sample: _
2.5%Pt-2.5%Rh/Al,O; in
Inlet Outlet co H 6%CH,/3%0,/He
CH" 02_> 2
(CO,, H,0)
T time:
100 pm
Image taken by
the FReLoN
camera
16
44 Catalyst below ignition temperature
§ During partial methane oxidation
11.55 11.60 165 1.70
E/keV B. Kimmerle, J.-D. Grunwaldt, J. Phys. Chem. C (2009), Highlight at ESRF, 2009.
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Processes occurring during the ignition MII

Pt-Rh/AL,O,

CH, 0 Inlet 3 - Outleta CO, H,

56 28.06.2010 Shining X-rays on catalytic reactors | Grunwaldt Institute for Chemical Technology and
Polymer Chemistry

Processes occurring during the ignition of CPO ﬂm(lt_l:,

Al04 Catalyst bed

CH,, COj, H;0
€O, H,
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Summary and conclusions

® Dynamic & in situ studies are important for structural studies both on a
micro- and nanoscale

B Hard X-ray based techniques advantageous for gas phase, high
temperature, liquid phase and elevated pressure

@ We need in future

B Full EXAFS spectra
B X-ray absorption tomography under in situ conditions
B Better spatial resolution
® Combination of full-field and scanning X-ray microscopy
® Combination of electron and X-ray microscopy
B Time-resolution with spatial resolution
58 28.06.2010 Shining X-rays on catalytic reactors | Grunwaldt Institute for Chemical Technology and
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